Abstract. Using two statistical models, based on the two-level full factorial designs and sequential experimental Doehlert designs, a simultaneous determination of cadmium and zinc by solid-phase derivative spectrophotometry has been proposed. These chemometric techniques have been used for the optimization of the instrumental and experimental variables of the system. The complexes formed between cadmium and zinc with 4-(2-pyridylazo) resorcinol, in the presence of potassium iodide, were ®xed on a dextran-type anionexchange gel, at pH 8.7. The absorbance spectra of the gel, packed in a 1-mm cell, were recorded directly. The performance characteristics of the proposed method have been established. The method was applied to the simultaneous determination of both analytes in synthetic mixtures and natural water samples.
Solid-phase spectrophotometry (SPS) [1] is based on the absorption measurement of coloured compounds ®xed on a solid support. This analytical methodology is especially suitable for environmental samples. It gives high sensitivity because it includes the preconcentration of the analyte on just a few mg of the solid support. Furthermore, handling of the sample is reduced due to the fact that the measurement of the absorbance is performed directly on the solid phase with no previous desorption of the analyte.
Methods for the determination of individual compounds have been proposed using both derivative techniques and SPS [2, 3] . There also exist various methods for the resolution of mixtures of compounds. Some, such as the determination of beryllium and aluminium, require the prior formation of coloured complexes [4] . Others, such as the simultaneous determination of sulphonamides [5] or the determination of samarium and europium [6] are measured directly in the UV. Nevertheless, experimental designs have not been utilised, to date, in the optimization of solid-phase derivative spectrophotometric methods.
When a new analytical method is proposed, one of the most important steps to be examined is the optimization of the variables [7] . This process involves the selection of the chemical and instrumental variables which may in¯uence the analytical signal [8, 9] and the calculation of the values of the variables to obtain the best analytical signal from the chemical system. For this purpose,``one-at-a-time'' optimization can be used (all the values of different factors except one are held constant, and this one is the object of the study). In SPS, this type of optimization is time consuming. Furthermore, this optimization method might not be appropriate for mixture resolution if the effects of the variables are not additive. In this case, experimental designs can be very useful, because these allow a larger quantity of information to be obtained with only a small number of experiments [7] . For this purpose, the whole set of the factors constituting the system is simultaneously modi®ed and the factors, which modify the analytical response, are identi®ed; thus, the optimum values are obtained.
Factorial designs at two levels [10, 11] are suitable for estimating both the order of and the interaction Ã To whom correspondence should be addressed between system affecting factors. The following model represents a two-factor design:
where X 1 and X 2 are the factors under consideration; b 0 is an independent term; b 1 and b 2 represent coef®cients of the linear terms and b 12 is the coef®cient corresponding to the interaction term. However, this model fails when the response surface is required in order to obtain the optimum conditions [12] .
To solve the problem, the experimental design must have at least three levels for each factor [13] ; then a response surface design such as the Doehlert design [14] can be used. The two-factor design model is:
where b 11 and b 22 are the coef®cients of the quadratic terms and the other terms have the same meaning as above.
In previous papers [15, 16] we have described the advantages of the Doehlert designs for research in the experimental domain using different levels for the chosen factors.
In this paper, our intention is to show the utility of the methodology of experimental designs to optimize the experimental and instrumental variables for developing derivative-spectrophotometric methods. For this purpose, the simultaneous determination of cadmium and zinc by solid-phase derivative spectrophotometry was chosen. This determination is based on the formation of the complexes of Cd(II) and Zn(II) with 4-(2-pyridylazo) resorcinol, in the presence of potassium iodide and their ®xation on a strong anion-exchanger. According to previous studies [17, 18] this reaction provides the basis for methods to determine each of these metals. The experimental variables were optimized with the previously obtained information about the systems, whereas the instrumental variables, which in¯uence the derivative signal, were selected and optimized from the data obtained from new designs.
Two full factorial designs at two levels were utilized to establish the instrumental factors to be optimized. Optimization both of experimental and instrumental variables was carried out by means of the Doehlert designs [15] .
The proposed method, which was also validated using chemometric techniques, was applied to the determination of the analytes in synthetic mixtures and natural water samples. Trueness was checked by means of recovery studies in the ®rst type of samples, and using the standard addition calibration and the statistical protocol proposed by Cuadros et al. [19] in the second type.
Experimental

Reagents and Solid Ion Exchanger
All chemicals used were of analytical grade unless stated otherwise; reverse osmosis water 18 Mcm À1 from a Millipore Milli-Q system (Milford, MA, USA) was used for diluting reagents and samples and all experiments were carried out at room temperature. Aqueous solutions of 4-(2-pyridylazo) resorcinol, PAR, (Merck) of appropriate concentrations were prepared weekly. Cadmium stock solution. Prepared from 3CdSO 4 . 8H 2 O (Merck) in 1 M H 2 SO 4 solution according to [17] . Zinc stock solution. Prepared from ZnCl 2 (Panreac PRS) in 1 M HCl solution according to [18] . Potassium iodide solutions. Appropriate amounts of KI (Panreac PRS) were dissolved in reverse osmosis water. Sephadex QAE A-25 anion exchanger (Sigma), was used in the chloride form as received from the supplier and without pretreatment in order to avoid contamination. Buffer solutions. Solutions of the required pH were prepared from 0.5 M boric acid (Merck) and 0.5 M sodium hydroxide (Panreac PA).
Apparatus
A Perkin-Elmer Lambda 2 UV/Vis spectrophotometer connected to an IE 486 computer ®tted with a Perkin software package (PECSS) was used for the measurements and data processing.
An Agitaser Model 2000 rotating-bottle agitator, a URA 2610 desk centrifuge and a Crison Digit-501 pH-meter with a combined glass-calomel electrode were also used.
Software
Data analysis was performed by QUIMIO [20] , for the regression model, STATGRAPHICS [21] , for the experimental design, and PROGRESS [22] , for the detection of outliers and the determination of the upper limit of linear calibration.
Absorbance Measurements
In SPS, the absorbance of the reaction product ®xed on the exchanger is measured at the maximum wavelength of the absorption of the complex A max and at 750 nm (the latter wavelength is within the range where only the exchanger causes attenuation of light) against a 1 mm cell well packed with exchanger, equilibrated with water. The absorbance of the blank (a 1-mm cell packed with exchanger equilibrated with blank solution) is measured at the same wavelengths. The net absorbance of the reaction product ®xed on the exchanger, A RC , is obtained from equation [23] :
where A S A max À A 750 (for the sample) and A B A max À A 750 (for the blank).
The second order derivative net spectra, however, obtained from the stored data of zero order spectra, avoid the necessity for measurements at two wavelengths, as the amplitude of derivative plots of the complex is proportional to the concentration of the analyte in solution. Therefore, in second order derivative solidphase spectrophotometry the measurements were carried out at a single wavelength for each analyte.
Basic Analytical Procedure
An appropriate sample volume containing between 0.32 and 5.92 mg of Zn(II) and between 0.53 and 10.15 mg of Cd(II) was made up to 500 mL with water and transferred into a 1000 mL polyethylene bottle. Then, 0.7 mL of KI 2.534 M, 1 mL of PAR 4X975 Â10 À3 M, 5 mL of buffer solution (pH 8.7), and 0.080 g of the Sephadex QAE A-25 anion exchanger were added. The mixture was shaken mechanically for 40 min. The coloured exchanger beads were then collected by ®ltration under suction and, with the aid of a pipette, were packed into a 1-mm cell together with a small portion of the ®ltrate. The cell was centrifuged for 30 s at 25g. A blank solution containing all of the reagents was prepared in the same way.
The absorption spectra both for complex and blank were recorded between 400 and 750 nm with a scan speed of 480 nm min À1 against a 1-mm cell well packed with exchanger, equilibrated with water. The net spectra (complex absorption spectra minus blank absorption spectra) were stored in a disk ®le. The second-derivative spectra were calculated by the SavitzkyGolay method [24, 25] using a smoothing of 4 nm and a wavelength increment of 5 nm.
Second-derivative measurements were taken as the vertical distance from the second-derivative spectra at 540.5 nm 2 D 540X5 to the baseline for zinc and from 537.2 nm 2 D 537X2 to the baseline for cadmium.
Calibration graphs were constructed in the same way using known concentrations of zinc and cadmium.
Results and Discussion
Absorption Spectra
The complexes produced in the reaction between the metal ions Zn(II) and Cd(II) and 4-(2-pyridylazo) resorcinol, at pH 8.7, in the presence of KI were quantitatively ®xed on Sephadex QAE-A-25 anionexchanger [17, 18] . The net absorption spectrum of the cadmium complex has an absorption maximum at 504 nm and that of the zinc complex, at 500 nm. Therefore, there is a large overlap between the two spectra and signi®cant dif®culties arise in the spectrophotometric determination of these ions when they are present in the same sample. To overcome this problem, derivative spectrophotometry was used; this involves differentiating zero-order spectra with respect to wavelength. Figure 1 shows the second-derivative absorption spectra of individual complexes of Zn(II) (curve A) and Cd(II) (curve B) and a mixture of both complexes (Cd(II)/Zn(II) molar ratio 1.8) (curve C). It can be seen that, because of the closeness of the two overlapping spectra of the zinc and cadmium complexes, these spectra are not suf®ciently resolved to give two distinct peaks. For this reason, the zerocrossing method [26] was used to resolve the mixture. The heights h 1 and h 2 in the second-derivative spectrum of the mixture (Fig. 1 , Curve C), corresponding to the values measured at 537.4 and 540.5 nm, are proportional to the cadmium and zinc concentrations, respectively.
Effect of Experimental Variables
Variables Affecting the Fixing of the Complexes in the Solid-Phase. In order to obtain a quantitative ®xing on Sephadex for both complexes simultaneously, the conditions producing similar effects in the individual studies [17, 18] were held constant. The pH was maintained at a value of 8.7. For a 500-mL sample system the optimum stirring time was 40 min. The centrifugation time was 30 s at 2500 rpm (approximately 25g). For all measurements. 0.08 g of exchanger was used as a compromise between maximum sensitivity and manageability. The order of addition used was analyte KI PAR buffer exchanger.
PAR and iodide concentrations were optimized using response surface methodology (RSM). For this purpose, the individual response surfaces for the two complexes, obtained by means of Doehlert designs [17, 18] , were used. To carry out the simultaneous Experimental Designs Applied to Solid-Phase Derivative Spectrophotometry determination of Cd(II) and Zn(II) in the best conditions, it is necessary to choose a PAR concentration and a KI concentration, which simultaneously produce an analytical signal that is suitable for both ions. These concentrations must generate a strong signal for the cadmium complex and a suf®ciently sensitive signal for the zinc complex, because the zinc complex presents higher sensitivity than the cadmium complex; in addition, there is a very low cadmium to zinc molar ratio in natural water samples. Then, a PAR concentration of 9X95 Â 10 À6 M and a KI concentration of 3X5 Â 10 À3 M were chosen as suitable for the purposes of the study.
Instrumental Conditions Affecting Derivative Spectra. The derivative spectra can be affected by some of the instrumental variables, i.e. scan speed, V, increment of wavelength, Á!, and smoothing, S, which must be optimised to obtain low deformation of the spectra, good selectivity and high sensitivity in the determination.
The derivative signal could not be used as the analytical signal to maximize, because it diminishes with increased Á!. Instead, the ratio of derivative signals, measured at the wavelengths where the zero-crossing condition is ful®lled for every metal ion was used. Thus, at ! 1 540X5 nm, the ratio of signals for Zn(II) is R Zn 2 D 1Zn a 2 D 1Cd , and at ! 2 537X2 nm, the ratio for Cd(II) is R Cd 2 D 2Cd a 2 D 2Zn , where sub-indices 1 and 2 represent the spectrum of zinc and cadmium, respectively. In two cases, the maximum ratio for both wavelengths was sought, in accordance with the zero-crossing method.
Factorial Design for Selection of Instrumental Conditions
The potential of factorial design was explored in order to study the in¯uence of different factors on the ratio of derivative signals of Zn(II) and Cd(II). The full two-level factorial design, 2 3 , was applied to determine the main effects and the two-factor interactions. The variables considered and levels studied are given in Table 1a . The experimental domain ful®lls zerocrossing conditions. Table 1b shows the 2 3 design and the derivative signal ratios obtained.
P-values (Table 1c) show that scan speed is not signi®cant for either of the metal ions. Interactions of this factor with the other factors are not signi®cant either.
The increment of wavelength, the smoothing and their interaction are factors that affect the derivative signal ratios and therefore these variables were jointly studied using a response surface design.
Doehlert Designs for Optimization of Instrumental Variables
The increment of wavelength and the smoothing were optimised using sequential experimental Doehlert designs [15] , in order to obtain the maximum derivative ratio while simultaneously varying these two factors in the spectrum of zinc (4.93 mgL À1 ), the spectrum of cadmium (15.57 mgL
À1
) and the spectrum of the mixture. These zero order spectra were recorded at a scan speed of 480 nm min À1 . The design corresponding to the Zn(II) is centred on point Á! 5 nm and S 3 nm. Graphic residual analysis reveals that the assumptions of the model (normality and homoscedasticity) are ful®lled. Also, there is a good agreement between the model's predicted derivative ratio values and experimental values, R 2 0X9864. Variance analysis shows that the two-variable interaction term is not signi®cant (P-value 76%). After the interaction term is deleted, the equation that ®ts the experimental values is:
where R Zn : derivative ratio, and Á! and S: increment of wavelength and smoothing, respectively. The representation of the response surface appears in Fig. 2(a) . The application of Lagrange's criterion indicated the presence of a maximum that corresponded to 5 nm in Á! and 3 nm in S (Fig. 2(a) ). As can be observed, the coordinates appear within the experimental ®eld de®ned by design I and are located at the central point of this design. The design corresponding to Cd(II) is centred at point Á! 5 nm and S 4 nm. Table 2b shows the experimental results obtained for the derivative ratio.
After verifying the mathematical assumptions (normality and homoscedasticity), the analysis of variance was checked. Again, the results obtained in the second design showed that the interaction term between the two factors was not signi®cant.
The corresponding interaction term was deleted, and the equation which ®ts R 2 0X8219 the experimental values is:
where the terms have a similar meaning to those previously cited. The application of Lagrange's criterion indicated the presence of a maximum that corresponded to 5 nm in Á! and 4 nm in S, as may be seen in Fig. 2(b) . The coordinates of the maximum obtained were found at the central point of design II.
As the same smoothing must be used on the three absorption spectra and as the derivative signal must be obtained with the same increment of wavelength, a smoothing of 4 nm and a Á! of 5 nm was chosen for subsequent experiments. Experimental Designs Applied to Solid-Phase Derivative Spectrophotometry
Validation of the Method
Calibration graphs were established by applying univariate linear regression. The``in line'' calibration linearity [27] of the method for every analyte was checked using least median squares regression (LMS) by means of PROGRESS software [22] . Thus, we were able to detect outliers, to check the ®t of experimental points and to establish the upper limit of linear calibration [28] . The``on-line'' linearity was checked as follows: 1001 À RSDb, where RSDb is the relative standard deviation of the slope [27] . The statistics and performance characteristics are summarized in Table 3 . It is noteworthy that the AAS methods for the determination of zinc [29, 30] present higher values for detection limit 1`L D`5 mgL À1 , optimum range 50±2000 mgL À1 and precision (8.2% for 500 mgL À1 ) than for those calculated with the proposed method in the present paper. Regarding cadmium determination, using electrothermal atomic absorption spectrometry [29, 31] the values for detection limit L D 0X1 mgL À1 , optimum range 0X5±10X0 mgL À1 and precision 1X9`RSD7 22X0 for 10 mgL À1 are comparable to those resulting from our method. Therefore, the proposed method might be considered an alternative to AAS method with the additional advantage to use inexpensive instruments.
With the aim of checking the independence of the analytical signals of Zn(II) and Cd(II), that is to con®rm that h 1 and h 2 are independent of zinc and cadmium concentrations, respectively, calibration graphs were obtained from height (h) measurements for standards containing cadmium (between 0.00 and 20X31 mgL À1 ) or zinc (between 0.00 and 11X84 mgL À1 ) in each case in the presence of different concentrations of the other ion. The results obtained are summarized in Table 4 . The independence of the analytical signal produced by each ion can be deduced because the slope of the corresponding analytical curves remained constant in all cases (P-value > 1%). The corresponding standard deviations (SD) are shown in brackets
Selectivity
The effect of foreign ions on the determination of zinc 2X96 mgL À1 and cadmium 6X77 mgL À1 , is studied following the basic procedure. In the single determination of cadmium [17] and zinc [18] it was found that only some cations show a higher interference for both Cd(II) and Zn(II). Therefore, in the simultaneous determination only the presence of these cations was studied. Tolerance is de®ned as the quantity of interfering ion which produces an error lower than 7% in the determination of the analyte. The results are summarised in Table 5 .
Trueness
To check the trueness of the proposed derivative SPS method, the analytical procedure was applied to the simultaneous determination of zinc and cadmium content in two different samples: synthetic mixtures and mineral water.
Synthetic Mixtures
The proposed method was applied to the analysis of ten synthetic mixtures of cadmium and zinc in different molar ratios (0.33±4.00) with the intention of checking its trueness in particular conditions. Recoveries of 90±118% indicate the trueness of the method for the simultaneous determination of both ions. These recoveries are comparable to those required for quality guarantee in the AAS methods [29] .
Mineral Water
To test its applicability, the proposed method was used to determine cadmium and zinc simultaneously in mineral water. The concentration of cadmium was lower than the quanti®cation limit 1X07 mgL À1 and water samples spiked with cadmium 6X86 mgL À1 were analyzed. The trueness was tested using the statistic protocol proposed by Cuadros Rodrõ Âguez et al. [19] , based on standard addition methodology. This protocol implies the use of a data set of three calibrations, with standard solutions (SC), with standard additions to a constant portion of sample (AC) and with sample portions (YC, Youden calibration). Table 6 summarizes the statistics obtained from the different calibration graphs used.
On applying the corresponding t-test (P-value ! 5%) the trueness of the results is apparent, there being no signi®cant differences between the values obtained from the standard calibration (SC) and standard-addition calibration (AC). 
